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When a clean metal is brought into contact with a clean, harder ceramic in ultrahigh vacuum, strong bonds form between the two
materials. The interfacial bond strength between the metal and ceramic surfaces in sliding contact is generally greatatibsinegh
bond strength in the metal. Thus, fracture of the cohesive bonds in the metal results when shearing occurs. Theseatializpimndsrf
and the shearing fracture in the metal are the main causes of the observed wear behavior and the transfer of the evetaito the c

In the literature, the surface energy (bond energy) per unit area of the metal is shown to be related to the degreialdfonidrfac
strength per unit area. Because the two materials of a metal-ceramic couple have markedly different ductilities, contsetoasida
erable plastic deformation of the softer metal. It is the ductility of the metal, then, that determines the real area & gem=@l, the
less ductile the metal, the smaller the real area of contact.

The coefficient of friction for clean surfaces of metal-ceramic couples correlates with the metal’s total surface eneapl aréae
of contactyA (which is the product of the surface energy per unit area of the y)etaldthe real area of contact (A)). The coefficient of
friction increases agA increases. FurthermonrgA is associated with the wear and transfer of the metal at the metal-ceramic interface:
the higher the value g, the greater the wear and transfer of the metal.
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1. INTRODUCTION The objective of this paper is to review the adhesion, the
A contaminant layer may form on a solid surface either by friction, and the wear behavior of argon-sputter-cleaned surfaces
the interaction of the surface with the environment or by the diffu- of metal-ceramic couples in ultrahigh vacuuni$®a). Surface and
sion of bulk contaminants through the solid itself. Thin contami- bulk properties, which determine the adhesion, friction, and wear
nant layers are unavoidably present on every surface of any solidbehavior of metal-ceramic couples, are discussed. The primary
that has been exposed to air. They are made up of contaminantmphasis is on the nature and character of the metatjaspis
such as adsorbed gases, water vapor, and hydrocarbons and haserface energy and ductility. The surface cleanliness of the argon-
thicknesses of atomic dimensions (around 2 nm thick). sputter-cleaned metals and ceramics was verified by AES or XPS
Surface analysis techniques, such as x-ray photoelectron spe@nalysis. Some earlier data and experimental details on this research
troscopy (XPS) and Auger electron spectroscopy (AES) are wellare given in references 2 to 6.
suited for examining very thin contaminant layers. Contaminant
surface layers can affect the spectrum by attenuating the electro2. ADHESION
signal from the underlying surface, thereby masking spectral fea- If clean, solid surfaces are brought together under a normal
tures related to the bulk material (1-6). load, the atoms must be in contact at some points; thus interatomic
Contaminants are weakly bound to the surface, since the bindforces will come into operation (1,7,8) and cause some adhesion
ing is of a physical rather than chemical nature. In vacuum, thereto occur in these regions. The pull-off force, which reflects inter-
fore, bombarding the surfaces with rare gas ions (e.g., argon ionsfacial adhesion, was measured for various argon-sputter-cleaned
or heating the surfaces to a high temperature can remove the conmetals in contact with argon-sputter-cleaned ferrites in ultrahigh
taminants that are adsorbed on the metal and ceramic (1-6).  vacuum. As Fig. 1(a) shows, this pull-off force decreases with an
Contamination is an important factor to be considered in increase in the Young's modulus of the metal. This indicates that
determining a solid’s surface properties, such as adhesion and fricthe bulk properties of the metal, such as the Young’'s modulus,
tion. Contaminant layers can greatly reduce adhesion and frictioraffect the magnitude of the adhesive bond forces that develop at
and, accordingly, provide lubrication. Under actual conditions of the metal-ceramic interface. Similar pull-off-force (adhesion) re-
sliding, however, the contaminant surface layers are removed bysults were obtained for clean metai$j couples (5,6).
the repeated sliding; thus direct contact of the fresh, clean sur-  The pull-off forces of clean metal-ferrite couples can also be
faces is unavoidable. Such is the situation in space tribology as itorrelated with the free energy of formation of the lowest metal
applies to spacecraft mechanism design. This situation also appliegxides, as shown in Fig. 1(b). This correlation indicates that the
to some degree, in sliding contacts in an air atmosphere, wher@adhesive bond at the metal-ceramic interface is a chemical bond
fresh surfaces are continuously produced by a counterfacingoetween the metal atoms on the metal surface and the large oxy-
material. Obviously, an understanding of the behavior of cleangen anions on the ferrite (MnO-ZnO<&&3) surface. Furthermore,
surfaces in metal-ceramic couples is of paramount practicalFig. 1(b) indicates that the strength of this chemical bond is related
importance (1,3,7). to the oxygen-to-metal bond strength in the metal oxide. Similar
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Fig. 1 Pull-off force (adhesion) for various metals in contact formation of lowest metal oE(iZIe. 9y
with ferrites (MnO-ZnO-Fe503) in ultrahigh vacuum. (a) As
function of Young's modulus of metal. (b) As function of free and the large oxygen anions on the ferrite (MnO-ZnQd=g sur-
energy of formation of lowest metal oxide. face and that the strength of this bond is related to the oxygen-to-

metal bond strength in the metal oxide. Similar relationships have

adhesion behavior has been noted with other oxide ceramics, sucheen noted with NiO-ZnO-F0; (4).
as Ni-zZn ferrite (NiO-ZnO-FgD3) and sapphire (AD3) (5,9). Again, with the metal-diamond couples the coefficient of fric-
Thus, both the surface and bulk properties of metal-ceramiction decreased with an increase in the shear modulus of the metal,

couples have been shown to affect the magnitude of the adhesivas shown in Fig. 3(a).

bond forces that develop at metal-ceramic interfaces. The d-valence bands in transition metals are not completely
filled. It is the filling of the d-electron bands that is responsible for
3. FRICTION the metal's surface and bulk properties such as adhesive energy,

The coefficient of friction, which reflects interfacial adhesion, shear modulus, and chemical stability. The greater the percentage
was measured for various argon-sputter-cleaned metals in contacif d-bond character that a metal possessses, the less active its sur-
with argon-sputter-cleaned ferrites in ultrahigh vacuum. It decreasedace should be (10). In Fig. 3(b), the coefficient of friction for
with an increase in the shear modulus of the metal (see Fig. 2(a))some of the transition metals in contact with a single-crystal dia-
This shows that the shear modulus of the metal plays an importanmond (111) surface is shown as a function of the d-bond character
role in the friction behavior of clean metal-ferrite couples. Similar of the metals. The data indicate a decrease in friction with an
friction-shear modulus relationships have been noted with other hardncrease in d-bond characters. Titanium and zirconium, which are
materials (such as diamond, silicon carbide, Ni-Zn ferrite, and bo-chemically very active, exhibit very strong interfacial adhesive
ron nitride) in sliding contact with metals (3). bonding to the diamond. In contrast, rhodium and rhenium, which

The coefficient of friction of the clean metal-ferrite couple have a very high percentage of d-bond character, have relatively
can also be correlated with the free energy of formation of thelow coefficients of friction; thus, the more chemically active the
lowest metal oxides, as shown in Fig. 2(b). Clearly, Fig. 2(b) metals, the higher the coefficient of friction.
indicates that the adhesive bond at the metal-ceramic interface is ~ Again, both the surface and bulk properties of metal-ceramic
a chemical bond between the metal atoms at the surface of the metabuples affect the magnitude of the coefficient of friction at the
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were transferred to the SiC surface during sliding; this was veri-
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Fig. 3 Coefficient of friction for various metals in contact with
diamond (111) surface in ultrahigh vacuum. (a) As function of
shear modulus of metal. (b) As function of percent of metal's
d-bond character.

metal-ceramic interface. This dependence of friction on the sheal
modulus and on the chemical activity of the metal is analogous tg
the adhesion behavior mentioned in the previous section.

Note that the Young’s and the shear modulus values used in
this paper for bulk polycrystalline metals are those reported by
Gschneidner (11). He reported that a ratio of Young’s modulus toj

shear modulus is essentially constant (nearly 2.6) for all metal Cylindrical
and that the shear modulus, like the Young’s modulus, has a markejs Zamd?
umps

dependence on the electron configuration of the metal.

4. WEAR

Inspection of all the metal and ceramic surfaces after sliding
contact revealed that deformation of the metal was principally plas
tic and that the cohesive bonds in the metal fractured. All the met
als that were examined failed in shear or tear and were transferre
to the ceramic during sliding. Theterfacial bond between the
metal and ceramic is generally stronger than the cohesive bong
within the metal, so when the junction was sheared, separatio
generally took place in the metal. Pieces of the metal were torrf(c
out and transferred to the ceramic surface. For example, when an
atomically clean SiC surface was brought into contact with a cleanFig. 4 Aluminum transferred to SiC (0001) surface as a result of
Al surface, the interfacial adhesive bonds that formed in the real Single pass sliding in ultrahigh vacuum. (a) Metal transfer to
area of contact were so strong that shearing or tearing occurred SiC (before gross sliding). (b) Aluminum Ke x-ray map;
locally in the Al. Consequently, the wear debris particles of Al 1-%10% counts. (c) Wear debris of Al transferred to SiC.
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The morphology of metal transfer to ceramic revealed that bond strength per unit area is weak, but that does not mean that a
metals with a low shear modulus exhibit much more metal wearlow interfacial bond strength per unit area gives a mechanically
and transfer than those with a greater shear modulus. Furthermorayeak interface in the real area of contact between the metal and
the more chemically active the metal, the greater the metal wearceramic surfaces.
and transfer to the ceramic. The ductility of the metal influences the real area of contact

Table 1 summarizes the type of metal transfer to single-crystaland, accordingly, the adhesion and friction at the metal-ceramic
SiC that was observed after multipass sliding. Generally, the metinterface. Ceramics such agl$j and SiC, unlike metals, are not
als at the bottom of table 1 had a greater shear modulus and lesonsidered to be ductile; these materials behave in a ductile man-
chemical affinity for Si and C. Therefore, those metals exhibited ner only when subjected to high compressive stresses. Because of
less wear and transferred less metal to the SiC. the marked difference in the ductilities of ceramics and metals,

Note that sometimes the strong adhesion and high frictionsolid-state contact between the two materials can result in consid-
between the metal and ceramic can produce local damages to therable plastic deformation of the softer metal. The real areas of
ceramic surface if that surface contains imperfections such agontact, then, for such couples must be calculated from the
microcracks or voids (3). experimentally measured Vickers hardness values of various met-

TABLE 1.—METALS TRANSFERRED TO SILICON CARBIDE (0001) SURFACES AS A RESULT OF
10 PASSES SLIDING IN ULTRAHIGH VACUUM

Metal Form (size) of metal transferred Extent of | Shear modulus,
Small particle| Piled-up particle| Multilayered | Large lump particle) metal transfer GPa
(submicron) | (several microns) agglomeration (several microns)
Al Yes Yes Yes No Most 27
Zr Yes Yes Yes No 34
Ti Yes Yes Yes No 39
Ni Yes Yes No No 75
Co Yes Yes No No 76
Fe Yes Yes No No 81
Cr Yes Yes No No 117
Rh Yes No No Yes 147
W Yes No No Yes 150
Re Yes No No Yes Least 180
5. ROLE OF BASIC PROPERTIES IN als. In this calculation the yield pressure of the surface asperities
FRICTION AND WEAR on the metal is assumed to be approximately the same as that of

All the clean metal-ceramic couples, including the metal- the bulk metal. Furthermore, no consideration is given to the growth
diamond couples, exhibited a correlation between the surface andf the real area of contact, known as junction growth, under both
bulk properties of the metal (e.g., its Young’s and shear moduli, itsthe normal and shear (tangential) stresses acting at the interface.
bond strength, and the chemistry of the contacting materials) andrhe real area of contact (A) is simply determined from the ratio of
the adhesion, friction, and wear behavior of the metal. All of the normal load to hardness. The calculated value of A is strongly
following decrease with an increase in the Young’s modulus anddependent on the shear modulus of the metal (see Fig. 6),
the shear modulus of the metal or with a decrease in the chemical
activity of the metal: adhesion, coefficient of friction, metal wear,
and metal transfer to the ceramic. Perhaps the metal’s bulk prope
erties depend on the magnitude of its surface properties. It is in5 35
teresting, then, to consider the role that the metal’s basic surface: w
and bulk properties, as found in the literature (such as its surfacg =
energy per unit areay) and its ductility), play in the adhesion,
friction, wear, and transfer in metal-ceramic couples.

The surface energy per unit area of the metplq directly
related to the interfacial bond strength per unit area at the meta
ceramic interface (7,12). In Fig. 5, thevalues suggested by Tyson
(13) and Miedema (14) for various metals at room temperatur
are presented as a function of the shear modulus of the metal. A%
v increases, so does the shear modulus. A comparison with Figs."2 10 oA, | | |
and 3 showy (the surface or bond energy) behaves in the oppo- ™ 50 100 150 200
site manner from the coefficient of friction, which decreases with
an increase ify. Obviously,y alone does not explain the friction
trend shown in Figs. 2 and 3. Certainlyyifs low, the interfacial
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decreasing as the shear modulus of the metal increases. The real
area of contact A obviously behaves in the same way as the coefs. CONCLUDING REMARKS

ficient of friction (see Figs. 2, 3, and 6).

When a clean metal was brought into contact with a clean,

The total surface energy of the metal in the real area of con-harder ceramic in ultrahigh vacuum, strong bonds were formed

tact is the product of the surface energy per unit arear(d the between the two materials. The coefficient of friction for clean
real area of contact (A). It, too, decreases as the shear modulus &furfaces of metal-ceramic couples, which reflects interfacial
the metal increases. This relationship is brought out clearly in Fig.7 adhesion, was found to correlate with the total surface energy of
which showsyA plotted against the shear modulus of the metal. the metal in the real area of contact (i.e., the product of surface
A comparison of Fig. 7 with Figs. 2 and 3 shows tj¥atis energy per unit area of the metal and the real area of contact). The
associated with tribological behavior; the higher the valugfof coefficient of friction increased as the total surface energy of the
the greater the adhesion and the coefficient of friction. In addi- metal increased.
tion, Fig. 8 clearly shows that the coefficient of friction for metal- The interfacial bond between the metal and ceramic surfaces
silicon carbide (0001) couples increaseg@Asncreases. A com-  was generally stronger than the cohesive bond in the metal. Thus,
parison of table 1 with Fig. 7 indicates the is also related to  fracture of the cohesive bonds in the metal resulted when shearing
the wear and transfer of the metal to the ceramic (i.e., SiC); theoccurred. The strength of the interfacial bonds and the shearing
higher the value ofA, the greater the metal wear and transfer.  fracture of the metal were the main causes of the observed wear
The evidence from the adhesion and friction experiments and the transfer of the metal to the ceramic. The total surface energy
reported herein points to the establishment of strong interfacialof the metal in the real area of contact was also associated with the
bonds in the real area of contact when clean metal-ceramic surwear and transfer of the metal at the metal-ceramic interface: the

faces are brought into contact.

higher the value of the total surface energy of the metal, the greater
the wear and transfer of the metal.

All of the following are related to the Young’s or shear modu-
lus of the metal: adhesion, coefficient of friction, wear and trans-
fer of the metal, surface energy per unit area of the metal, the real

= 0.30 — v area of contact, and the total surface energy of the metal in the real
E o area of contact. With the exception of surface energy per unit area
52 /’|:"| O Cr of the metal, all of these decrease with an increase in the Young's
E b 025~ N O or the shear modulus of the metal. Only the surface energy (i.e.,
s & Zr OFe bond energy) per unit area of the metal increases with an increase
>3 0.20 0 in the Young’s or the shear modulus.
§ E ’ Co R As a practical matter, an understanding of the behavior of
o .g Rh E? clean surfaces of metal-ceramic couples is relevant to the problem
S S 015 O of forming strong bonds between metal and ceramic surfaces.
€ 0 015 —
2 ® w
© O
S | | | |
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Fig. 7 Total surface energy of metal in real area of contact as
function of shear modulus of metal.
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